Hybridization-based technologies, such as microarrays, rely on precise probe-target interactions to ensure specific and accurate measurement of RNA expression. Polymorphisms present in the probetarget sequences have been shown to alter probehybridization affinities, leading to reduced signal intensity measurements and resulting in falsepositive results. Here, we characterize this effect on exon and gene expression estimates derived from the Affymetrix Exon Array. We conducted an association analysis between expression levels of probes, exons and transcripts and the genotypes of neighboring SNPs in 57 CEU HapMap individuals. We quantified the dependence of the effect of genotype on signal intensity with respect to the number of polymorphisms within target sequences, number of affected probes and position of the polymorphism within each probe. The effect of SNPs is quite severe and leads to considerable false-positive rates, particularly when the analysis is performed at the exon level and aimed at detecting alternative splicing events. Finally, we propose simple solutions, based on 'masking' probes, which are putatively affected by polymorphisms and show that such strategy results in a large decrease in false-positive rates, with a very modest reduction in coverage of the transcriptome.
INTRODUCTION
Microarray analysis has become an integral part of highthroughput biological research. Microarray-based measurements typically rely on the precise hybridization of a DNA probe to a complementary target DNA or RNA molecule. Advances in technology and miniaturization now allow manufacturers to print up to 10 million probes on a single chip. Such chips are routinely used for truly genome-wide studies of polymorphisms, genomic aberrations (1), gene expression levels (2) and alternative splicing patterns (3) . Unfortunately, such massive amounts of data come at the expense of a high potential for false discovery. Common sources of error range from the purely statistical (e.g. multiple testing problems), through experimental techniques, to systematic technical errors (e.g. probe cross-hybridization). As a result, particularly in gene expression analysis, microarray results have often been relegated from the realm of 'proof' to the role of a 'discovery platform' for further validation. In view of their overall popularity and utility, it is of great importance to minimize systematic errors in microarray experiments. In this study, we focus on one particular source of error: the effect of polymorphisms contained within probe target sequences on hybridization levels. Using expression quantitative trait analysis (eQTA) as an example, we show that this effect can be a major source of error, particularly for the latest generation whole-transcript (WT) arrays.
Association of genetic variants to expression phenotypes is becoming a promising strategy to identify sources of phenotypic diversity among individuals. A large number of genome-wide studies have been conducted in recent years, using various microarray platforms to determine gene expression levels (4) (5) (6) (7) (8) (9) (10) (11) . This approach usually treats expression data obtained from microarray experiments as a quantitative trait and tests for association with cis-acting polymorphisms. The final goal is to identify regulatory determinants of a particular phenotype, such as a disease state. Once significant associations have been identified, costly and time consuming downstream validations are conducted in order to identify the causative regulatory element. Therefore, it is important to identify candidate cisacting polymorphisms with a high degree of confidence. Recent studies have shown that mismatches between a microarray probe and its target sequence affect hybridization (12) (13) (14) that cause erroneous probe signal estimates. This phenomenon leads to an increase in false-positives, particularly in studies across individuals with different genetic backgrounds (15) . Individuals expressing mRNA that perfectly complements the probes on the microarrays hybridize better than individuals with mRNA sequence diversity in the probe-target region. This results in a difference in probe-signal intensity between individuals, even if both groups express the mRNA at the same level (16) .
Here, we present a detailed analysis of this phenomenon using Affymetrix Human Exon Array data from our previous study of transcript isoform variation in humans (3) and describe how it affects association results at the probe, exon and gene levels. In addition, to mitigate the effect of polymorphisms, we propose a simple strategy that consists of removing probes that are targeted to annotated polymorphic regions. We show that this approach greatly reduces false-positive rates, particularly for associations at the exon level, with only a small reduction in exon and gene coverage.
METHODS

Microarray data source
In a previous study, we surveyed genetic variation associated with differences in isoform level expression in humans (3). We characterized this effect in a sample of 57 unrelated HapMap individuals of European ancestry (17) for which $4 million single nucleotide polymorphism (SNP) genotypes are available. Lymphoblast cells derived from these individuals were grown in triplicates and RNA was extracted from each of these growths and hybridized onto an Affymetrix Human Exon array (n = 171). The resulting probe-fluorescent intensities were used for the present analysis. We restricted our analysis to probes targeting core exons because of their high confidence annotation.
Effect of mismatches on hybridization
Probe expression signals were quantile-normalized and GC-background corrected using the Affymetrix Power Tools (APT) software package (Affymetrix). To investigate how mismatches affect probe-to-target hybridization on the Affymetrix Human Exon array, we took advantage of the high-resolution genotyping information available from HapMap cell lines and identified 6110 probes that were targeted to a region with only one SNP in at least 1 of the 57 HapMap individuals. These probes were selected because the exon and gene they targeted were considered expressed. Expression of an exon or gene was established using the detected above background (DABG) metric generated by Affymetrix. This metric represents the probability that an exon or gene is expressed below the background. We used false discovery rate (FDR) correction (18) to establish the significance threshold for expression above background at DABG 0.02 and DABG 0.043 for exons and genes, respectively. Next, we categorized each of these probes in 25 bins, depending on the position of the SNP within the target region (from 5 0 to 3 0 end). For each of these bins, we determined the fold change between the average probe intensity derived from individuals with a perfect complementary target region and the average probe intensity from individuals with one mismatch (Figure 1 ).
Masking procedure
We have previously shown (3, 19) that SNPs located within probe-targets affect their hybridization to Affymetrix Human Exon array probes and consequently cause erroneous expression estimates. To mitigate this effect, we devised a simple procedure that consists of removing all probes from the analysis whose target region contains a known SNP. In total, we found 21 843 core probes target regions out of 1 096 799 probes overlapping at least one polymorphic HapMap II SNP (release 21).
Preprocessing and summarization of hybridization data
To study how probe-to-target hybridization is affected by SNPs, we generated two data sets of exon and gene expression estimates. The APT software package was used to quantile-normalize and GC-background correct each data set at the probe level. The average probe set (representing exons) and meta-probe set (representing genes) expression scores (averaged from triplicates) for each data set were computed using the probe logarithmic error intensity model (Affymetrix). The first data set consisted of probe set and meta-probe set expression estimates produced by summarizing all core probes, regardless of polymorphic probe target regions. The second data set was generated by implementing our masking procedure (see above). Thus, probe set and meta-probe set expression scores, for this last data set, were estimated from probes where no HapMap SNP overlapped their target region.
Association analyses
For each of the two data sets, the first generated from the full core probe list and the second from the masked core probe list, we examined probe, exon, and transcript expression estimates (averaged from triplicate samples for each individual) for association with flanking HapMap SNPs (release 21). One of the objectives of our previous analysis (3) was to identify possible cis-regulatory determinants of differential alternative splicing. The presence of linkage disequilibrium in humans has created haplotype blocks, where SNPs in close proximity to each other escape rearrangements due to recombination. Therefore, assuming physical proximity of a regulatory variant to the target and to limit the cost of multiple testing, we only tested for SNPs within a 50-kb region flanking either side of the gene containing either the probe or probe set. It should be noted that the SNPs associated with a change in microarray hybridization intensity may either be the actual causative SNPs, or simply be in linkage disequilibrium (part of the same haplotype block) with the causative SNP. We measured the level of association between expression scores (probes, probe sets and metaprobe sets) and the genotypes of a given SNP using linear regression analysis, implemented in the Plink software package (20) , under a codominant genetic model. This model considers genotypes AA, AB and BB as the independent discrete variable. The genotypes are encoded as 0, 1 and 2, respectively, whereas expression scores were considered a quantitative trait and treated as the dependent variable in the linear regression. Raw P-values were obtained from the linear regression using the standard asymptotic t-statistic. To correct for testing multiple SNPs against each probe set and meta-probe set expression values, we carried out permutation tests (21) followed by 5% FDR correction. Permutation analyses were performed using the 'label swapping' and 'adaptive permutation' options implemented in Plink. The 'label swapping' option is used to preserve the haplotype block structure and the 'adaptive permutation' algorithm allows for computationally efficient permutation analyses (20) . Subsequently, we performed FDR corrections of 5% on the empirical P-values (from permutations) for association of genotype to the expression at the probe set (P-value <9.73 Â 10 À9 ) and meta-probe set levels (P-value <6.07 Â 10 À7 ).
Evaluation of SNP mask
To evaluate how SNPs in probe-target regions impacted our association analyses, we estimated the proportion of false-positive and false-negative associations due to polymorphic probe target regions. We treated the association results for the masked data set as the reference (true) data set because they were derived from expression estimates free of influence from known SNPs. This reference data set (see Supplementary Tables 1 and 2 ) enables us to evaluate the four scenarios described in Table 1 . Associations of probe set or meta-probe set, which were significant (P-value below the thresholds) and non-significant (P-value above thresholds) in both masked and unmasked data sets, were classified as true positives and true negatives, respectively. We consider a result a false-positive when a significant association is found in the unmasked data set, but becomes non-significant after masking probes containing SNPs (masked data set). Conversely, associations that were non-significant in the unmasked data set but significant in the masked data set were categorized as false-negatives. The false-positive and -negative rates are computed by: FPR = FP/(FP + TP) and FNR = FN/ (FN + TN), respectively. In order to avoid the problem of reduced coverage within the masked data, the above analysis does not include probe sets which were entirely 'masked' due to the presence of SNPs.
RESULTS
Our first objective was to examine the effect of sequence mismatches on probe-to-target hybridization. We selected all probes that contained known SNPs and compared their hybridization intensity between individuals with homozygous match and mismatch genotypes. We illustrated how hybridization intensity changed when a mismatch is present at a given position within a probe in Figure 1 . We observed that the position of the polymorphism within the probe's target sequence affects its binding affinity. Probe expression scores show a median $2-fold decrease in expression when a polymorphism is present near the middle of the target area i.e. between positions 6 and 21. This effect decreases linearly towards the edges of the target area and the median fold change in the end is near zero i.e. at positions 1 and 25, which supports the theoretical prediction of Lee et al. (22) . It should be noted that the variance in the estimate of the effect is very high and that some mismatches decrease hybridization levels by much more than 2-fold; 7.5% of mismatches cause !5-fold decrease in signal intensity. Thus, in some cases the effect of SNPs may be very severe. This corroborates suggestions by earlier studies (12) (13) (14) (15) 23 ) that mRNA sequence diversity in probe target regions disrupts hybridization and that polymorphisms in the middle of the probe target regions destabilize hybridization more than those closer to the ends. We next investigated how the association of expression phenotypes to neighboring SNPs, as in our previous analysis (3) , are distorted by including probes whose target regions were polymorphic. We characterized this by performing an association analysis between expression levels of probes, exons and transcripts, with the genotypes of neighboring HapMap II SNPs. We compared only the top 1% of significant associations as a way to uniformly correct for multiple testing between the different levels of expression (probe, exon and gene). We observed that probes with polymorphic target regions were highly over-represented in the top 1% of significant association À16 ) compared to probes with perfectly complementary probe target regions. We also observed this over-representation at the probe set and meta-probe set levels, although to a lesser degree. In the top 1% of significant associations, we found an enrichment of 6.1-fold (Table 2; 2 = 1443.88, P-value << 10
À16
) and 2.5-fold (Table 2; 2 = 19.45, P-value = 1.03 Â 10
À5
) for probe sets and meta-probe sets, respectively, whose expression estimates included probes that were targeted to polymorphic regions. In addition, this enrichment is also positively correlated with the number of polymorphisms within probe target region at the probe set (Pearson r = 0.956) and meta-probe set (Pearson r = 0.967) levels (Table 2 ). This further demonstrated that sequence polymorphisms between an Affymetrix Human Exon array probe and its target sequence resulted in changes to hybridization intensity and influenced the apparent association between the SNP genotypes and expression intensities. Given that probe set and meta-probe set expression estimates are derived by summarizing probe signals, erroneous probe signals due to probe target mismatches are a source of error in comparative expression analyses.
To reduce this source of error, we developed a simple masking procedure where we removed all probes targeted to a known polymorphic region (HapMap phase II SNPs). The remaining probes were used to estimate probe set and meta-probe set expression scores. A detailed example of this procedure and how it reduces the false-positive association caused by polymorphic probe target regions for gene ZNF37A is illustrated in Figure 2 . Expression estimates for this gene were derived from four probe sets (Figure 2a) , one of which, probe set 3243183, comprised probes targeting a polymorphic region in the 57 HapMap individuals. The first 3 probes from this probe set (Figure 2b ) overlapped each other to some degree and targeted a region containing SNP rs176889. Individuals with TT genotypes have higher probe signals than individuals with a TC or CC genotype because the T allele creates a perfectly complementary target to these 3 probes (Figure 2c) . The fourth probe, probe 496020, targets a region with no known SNP and shows no significant associations with SNPs rs176889. In addition, we do not find any significant association with neighboring SNPs that could be in linkage disequilibrium with SNP rs176889. Therefore, by using this single probe to estimate the expression of probe set 3243183, we obtain expression estimates that are not affected by erroneous probe signals and in subsequent association analyses (Figure 2d ), the same is observed at the gene level (Figure 2e ). We only used probe set expressions derived from probes unaffected by SNP to estimate meta-probe set expression scores and find no significant association with neighboring SNPs.
A potential drawback associated with removing problematic probes, is the reduction of probe set and meta-probe set coverage. For this data set, 21 843 (1.99%) probe target sequences overlapped at least one HapMap SNP and the distribution of affected probes per probe set and meta-probe set is illustrated in Figure 3a and b, respectively. We found 1258 (0.47%) probe sets and 99 (0.57%) meta-probe sets where we could not derive any expression estimates because no probes were left after 'masking' which is a very modest amount of lost coverage.
Next, we assessed how our masking procedure improved results obtained from our association analyses. For the purpose of the analysis, we assumed that an association is a false-positive when a probe set or meta-probe set is significant in the unmasked data set, and that the same association becomes non-significant after masking probes containing SNPs. This assumption is based on two sources of evidence: (i) the strong over-representation of SNPs in the significant data set and (ii) the fact that in our previous work (3, 19) we were unable to experimentally validate an alternative splicing event supported by an SNP-containing probe. We assumed that the expression data set derived by 'masking' misbehaving probes represents the best estimates of probe set and meta-probe set expression scores. Using this as the reference (true) data set, we evaluated the four scenarios described in Table 1 by comparing the P-values obtained from the association of the same neighboring SNPs to the same probe sets or meta-probe sets expression score estimated without 'masking' problematic probes. It should be noted that the reference set itself may not be free of false-positives (due to sources of errors other than SNPs), but this approach allows us to determine the rates of false-positive results that are induced by the presence of SNPs. We established P-value significance thresholds of 9.73 Â 10 À9 and 6.07 Â 10 À7 for probe sets and meta-probe sets, respectively, by permutation testing followed by FDR correction at 5%. We found that the SNP-induced false-positive rate is 86.6 and 8.1% at the probe set and meta-probe set levels, respectively (Table 3) . However, false-negative rates do not seem to be influenced by SNPs because, after masking these potentially misbehaving probes, the falsenegative rates were reduced by only 0.3 and 0.05% at the probe set and meta-probe sets (Table 3) , respectively. This demonstrates that the removal of probe signals impacted by SNPs greatly reduces the rate of false-positives particularly for association conducted at the probe set level (e.g. alternative splicing). We concluded that masking probes targeted to known polymorphic regions does not substantially decrease the coverage of the Human Exon array and effectively reduces the SNP-induced false-positives. 
DISCUSSION
Our analysis suggests that the presence of SNPs within the target sequence of Affymetrix Human Exon array probes causes false-positives when the analysis is conducted at the exon and transcript levels. Exon expression estimates are affected by misbehaving probes at a higher degree then transcript expression estimates because they are summarized from only 4 probe signals, whereas transcript expression estimates rely, on average, on 30 probes. In addition, we demonstrate that 'masking' a probe targeted to a known polymorphic region is a simple and effective solution for decreasing the rate of false-positives in an association analysis with individuals of different genetic backgrounds. Alternative filtering approaches have been suggested. Zhang et al. (24) proposed to remove from the analysis probe sets with 2 or more probes harboring dbSNPs (release 126). This would result in the removal of 1.96% of probe sets-a much more significant reduction than the 0.47% in the approach outlined here. In addition, we do not advocate leaving probe sets containing single SNPs in the analysis, as we show in Table 2 , that such probe sets are still $2-fold over-represented in the significant data set and are likely to produce false-positive results.
Our analysis takes advantage of the HapMap dataset, which has been genotyped at a high resolution. This constitutes an ideal data set for the purpose of illustration and quantification of the effect of SNPs. However, the results and solutions are applicable to most studies, whenever individuals with diverse genetic backgrounds are being compared. This is typically done in cancer studies and should be taken into consideration, particularly since investigation of alternative splicing and the use of WT arrays are quickly gaining popularity in this field (25, 26) . Generally, when two large groups of patients and controls are being compared, the effect of SNPs should be minimal in the pooled comparison. However, whenever a single individual or a group of related individuals is being used in a comparison to control samples, the effect of SNPs will be substantial. Similar problems will be encountered in any comparison of alternative splicing across tissues, whenever the tissues do not originate from the same individual. In all such cases, we advocate conservatively masking all probes containing putative SNP sites (from dbSNP). In addition, in our previous study (3) we found a non-trivial effect of still unannotated SNPs. While this problem cannot be corrected for a priori, we advise investigators to carefully monitor the behavior of individual probes before undertaking further costly functional studies-a single significant outlier probe whose behavior is inconsistent with the rest of the probe set may be an indication of a technical problem.
Finally, while we focus our study on the exon array and the analysis of alternative splicing, we would like to point out that other platforms are not immune to this effect. Examples of similar problems have been identified for the Affymetrix 3 0 expression arrays (15, 16) . Other popular expression platforms, such as Agilent and Illumina, use longer probes, which are less sensitive to SNPs, but a slight effect of polymorphisms can be detected in those platforms as well (6, 27) . Therefore, we advocate preventive measures (such as SNP masking) and vigilance (careful scrutiny of final results), and propose that the next generation of microarray designs avoid, when possible, targeting polymorphic sites. 
